Transmembrane channel-like (TMC) genes encode a broadly conserved family of multipass integral membrane proteins in animals 1, 2 . Human TMC1 and TMC2 genes are linked to human deafness and required for hair-cell mechanotransduction; however, the molecular functions of these and other TMC proteins have not been determined [3] [4] [5] [6] . Here we show that the Caenorhabditis elegans tmc-1 gene encodes a sodium sensor that functions specifically in salt taste chemosensation. tmc-1 is expressed in the ASH polymodal avoidance neurons, where it is required for salt-evoked neuronal activity and behavioural avoidance of high concentrations of NaCl. However, tmc-1 has no effect on responses to other stimuli sensed by the ASH neurons including high osmolarity and chemical repellents, indicating a specific role in salt sensation. When expressed in mammalian cell culture, C. elegans TMC-1 generates a predominantly cationic conductance activated by high extracellular sodium but not by other cations or uncharged small molecules. Thus, TMC-1 is both necessary for salt sensation in vivo and sufficient to generate a sodium-sensitive channel in vitro, identifying it as a probable ionotropic sensory receptor.
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TMC1 is a gene strongly linked to deafness in humans 1, 3 , and mutant mice carrying semidominant (Tmc1 Mhdabth ) or recessive (Tmc1 dn ) Tmc1 alleles are hearing-deficient 3, 4 . Tmc1 is expressed in cochlear hair cells, and is required for hair-cell function 5 . Recently, knockout mice containing deletions of both Tmc1 and a closely related gene, Tmc2, were shown to lack hair-cell mechanosensory potentials 6 . Tmc1 and Tmc2 are members of a larger family of putative multipass transmembrane proteins that includes eight proteins in humans, one in Drosophila, and two in C. elegans 2, 3 , one of which (tmc-2) is expressed in mechanoreceptors 7 . However, it is not known whether Tmc genes encode channel proteins, or whether Tmc1 and Tmc2 are components of the hair-cell mechanotransducer or are required indirectly for its activity.
To learn more about the function of the C. elegans tmc-1 gene, we first investigated its expression pattern. In transgenic lines expressing a fluorescent reporter under the tmc-1 promoter, expression was observed in a small number of neurons, including the ASH neurons, which are important for sensing chemical repellents 8 , high osmolarity and nose touch 9 ( Fig. 1a, b) . Expression was also seen in other sensory neurons, including the ADF, ASE, ADL, AQR, PQR, URX and PHA cells ( Supplementary Figs 1 and 2 ). To investigate the subcellular distribution of TMC-1, we expressed a translational fusion between the tmc-1 coding region and mCherry in ASH under the gpa-11 promoter (Fig. 1c) . This TMC-1::mCherry fusion was localized to the cell body as well as the sensory cilia, the site of sensory transduction. These results indicated a possible role for TMC-1 in ASH sensory function.
To investigate the possible role of TMC-1 in sensory transduction, we assayed the effect of a tmc-1 deletion allele on ASH-mediated behaviours. The ASH neurons are important for avoidance of diverse noxious stimuli, including nose touch, hyperosmolarity, heavy metals, acids and high concentrations of salt [10] [11] [12] [13] . tmc-1 mutant animals showed no apparent defect in nose touch avoidance (Fig. 2c) , suggesting that mechanosensation in ASH was unaffected by TMC-1. To assess ASH chemosensory function, we presented animals with various repulsive chemical stimuli, including CuCl 2 , glycerol and high concentrations of salt, and assayed escape behaviour 8 . We observed that tmc-1 mutants were strongly defective in the avoidance of NaCl concentrations above 100 mM (Fig. 2a, b) . In contrast, responses to other soluble repellents as well as to hyperosmolarity were indistinguishable from wild type (Fig. 2c, d ), indicating that tmc-1 is not required generally for ASH function. In contrast, a loss-of-function mutation in the transient receptor potential vanilloid (TRPV) channel osm-9 affected avoidance to all these stimuli (Fig. 2) . Expression of a *These authors contributed equally to this work. tmc-1 cDNA under the control of either the sra-6 or gpa-11 promoters, the expression of which overlaps only in ASH, rescued the tmc-1 saltavoidance defect (Fig. 2a, b) , indicating that tmc-1 functions in ASH. A double mutant of tmc-1 and a loss-of-function mutation in the paralogous tmc-2 gene was no more defective than the tmc-1 single mutant (Fig. 2b) . These results are consistent with TMC-1 acting as a salt sensor in ASH neurons.
The whole-cell neuronal responses of ASH neurons can be measured directly in intact animals by calcium imaging 14 . We used a transgenic line expressing a genetically encoded calcium indicator in ASH to assay the effects of tmc-1 on calcium transients in the ASH cell body evoked by increases in external salt concentration 15 . In wild-type animals, we observed large calcium transients in ASH in response to high concentrations of NaCl (Fig. 3a) , consistent with behavioural studies 13 . In contrast, the ASH neurons of the tmc-1 deletion mutant showed little response to high salt concentrations (Fig. 3a, b) . This saltresponse defect could be rescued by expression of wild-type tmc-1 under the control of either the sra-6 or gpa-11 promoters (Fig. 3a, b) . tmc-1 mutant animals showed normal calcium responses to other stimuli that activate ASH, including glycerol, copper, and nose touch, consistent with the behavioural data indicating that only salt sensation is defective in these animals ( Fig. 3e and Supplementary Fig. 4 ). Thus, tmc-1 is specifically required for salt sensation in the ASH neurons.
To examine the specificity of the TMC-1-dependent salt response, we used calcium imaging and behavioural assays to test the responses of ASH to salts other than NaCl. We observed that several chloride salts, including KCl, CaCl 2 and MgCl 2 , evoked escape responses and ASH calcium transients when presented in high concentrations. These responses were unaffected (for MgCl 2 and CaCl 2 ) or only slightly affected (for KCl) by the tmc-1 mutation, indicating that TMC-1 is not required to sense these salts ( Fig. 3d and Supplementary Figs 3b, 4c and 5a, b). We also observed that escape responses and ASH calcium transients were evoked by sodium acetate and sodium gluconate. We found that these responses were strongly reduced in the tmc-1 deletion mutant and rescued when tmc-1 was expressed cell-specifically in ASH ( Fig. 3c and Supplementary Figs 3a and 6 ). The sodium gluconate avoidance phenotype of tmc-1 mutants was only slightly enhanced by ASH ablation and was similar to that of ASH-ablated wild-type animals ( Fig. 2e and Supplementary Fig. 3a ), indicating that TMC-1 mediates most of the sodium response in ASH, and most of the TMC-1 independent response is due to sensing by other neurons. Mutation of tmc-2 did not enhance the tmc-1 mutant phenotype (Fig. 2e) . Together, these data suggest that the ASH neurons contain a TMC-1-dependent salt sensor that responds specifically to sodium ions.
The finding that TMC-1 is specifically required for sodium responses in ASH raised the possibility that TMC-1 might itself be a salt-sensing receptor. To address this possibility, we tested whether ectopic expression of TMC-1 in worm neurons could confer the ability to sense sodium. We used the srbc-64 promoter to express TMC-1 specifically in the ASK cells, amphid neurons that do not respond to salt (Fig. 3f, g ) and use a cGMP-dependent mechanism to generate a calcium off-response to lysine and pheromones 16, 17 . In these srbc-64::tmc-1 animals, we observed strong calcium responses to sodium gluconate in the ASK neurons (Fig. 3f, g ), indicating that expression of tmc-1 was sufficient to confer salt sensitivity. Moreover, srbc-64::tmc-1 animals exhibited behavioural responses to sodium in a tmc-1 mutant background (although surprisingly, attraction rather than repulsion), indicating the functionality of the ectopic TMC-1-mediated a, Effect of tmc-1 on 250 mM NaCl avoidance. Escape behaviour was assessed using the drop test assay 8 . The avoidance index indicates the fraction of animals reversing following stimulus application; error bars for these and other panels indicate s.e.m. For each genotype at least 370 animals were tested in population drop assays. One-way ANOVA with Bonferroni correction was used to test significance. tmc-1(ok1859) animals were significantly different from wild type (P , 0.0005), whereas all tmc-1 rescue lines were significantly different from tmc-1(ok1859) (P , 0.0005), but not from wild type. b, Dose response for NaCl avoidance. For each data point, at least 170 animals were tested. tmc-1(ok1859) were significantly different from wild-type (P , 0.005) for all concentrations, and all tmc-1 rescue lines were significantly different from tmc-1(ok1859) at all concentrations (P , 0.05). c, Effect of tmc-1 on other ASH-dependent escape behaviours. For each genotype at least 260 animals were tested for nose touch avoidance and at least 320 animals for 2 mM CuCl 2 avoidance. No significant difference was observed between wild type and tmc-1(ok1859). d, Dose response for glycerol avoidance. For each data point at least 70 animals were tested. No significant difference was detected between wild type and tmc-1(ok1859) across all concentrations. e, Dose response for sodium gluconate avoidance. For each data point, at least 70 animals were tested. tmc-1(ok1859) was significantly different from wild type across all concentrations (P , 0.05). The tmc-1; gpa-11::tmc-1 rescue line (with error bars too small to be visible on the graph) was significantly different from tmc-1(ok1859) (P , 0.05). f, Chemotaxis behaviour to sodium gluconate of wild type, tmc-1 mutant and animals with heterologous tmc-1 expression in ASK. At least 790 animals were assayed for each genotype. Wild type was significantly different from tmc-1(ok1859) (P , 0.05) and tmc-1; srbc-64::tmc-1 was significantly different (P , 0.05) from tmc-1(ok1859).
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salt responses in ASK (Fig. 2f) . These results suggest that TMC-1 can be sufficient to generate a salt receptor in vivo.
To investigate this possibility further, we expressed a C. elegans tmc-1 cDNA in Chinese hamster ovary (CHO-K1) cells and recorded electrophysiological responses of the transfected cells to external salt stimulation. The expressed TMC-1 protein was localized to the plasma membrane, as verified by confocal fluorescence imaging (Supplementary Fig. 8a-c) . A 150 mM up-step in NaCl (from a baseline of 140 mM to 290 mM) evoked inward currents in TMC-1-expressing cells (Fig. 4a) ; in contrast, hypertonic stimulation using glucose, mannitol or N-methyl-D-glucamine (NMDG) chloride did not activate currents in these cells (Fig. 4a and Supplementary Figs 8e and  10d) . Assaying over a range of NaCl concentrations, we estimated a half-maximum effective concentration (EC 50 ) for the TMC-1-dependent currents of 220 mM, with a threshold of approximately 140 mM and a plateau at approximately .400 mM (Fig. 4b) . The Hill plot of the NaCl dose-response curve rose steeply (Hill coefficient of 4.5), suggesting cooperative gating by external salt. Together, these results indicate that heterologously expressed TMC-1 induces the formation of ion channels that are specifically sensitive to extracellular NaCl.
We performed additional experiments to learn more about the properties of the TMC-1-dependent channels. Chloride salts other than NaCl did not evoke robust current increases in TMC-1-expressing CHO-K1 cells (Fig. 4c and Supplementary Fig. 10a-c) . In contrast, sodium salts with other anions (including Na gluconate) all elicited currents ( Supplementary Fig. 11 and data not shown), suggesting that Na 1 is critical for TMC-1 activation. In the presence of external calcium, extracellular NaCl evoked Ca 21 transients, suggesting that the expressed channels are permeable to Ca 21 ions (Fig. 4d) Supplementary Fig. 11f, h ). Comparable permeability ratios of Cl 2 to Na 1 and K 1 (8.7% and 6%), despite the different permeabilities of the two cations, may indicate that Cl 2 must be chaperoned by countercations to permeate TMC-1 ( Supplementary Fig. 11f ). Although TMC-1-dependent currents were insensitive to piezo-driven membrane displacement ( Supplementary  Fig. 8f ), responses to external salt were inhibited by GdCl 3 , a nonspecific blocker of stretch-activated channels (Fig. 4f and Supplementary Fig. 8g ), which also blocks the tmc-1-dependent response of ASH to sodium gluconate ( Supplementary Fig. 7) . Overall, TMC-1 expression generates sodium-sensitive, gadolinium-blockable currents with a high Na 1 permeability, properties consistent with a salt sensor. The production of salt-sensitive channels in TMC-1-expressing cells raises the possibility that TMC-1 itself might form a bona fide ion channel. Although the evidence is not definitive, several lines of evidence support this possibility. When we expressed TMC-1 heterologously in other mammalian cell lines (including HEK293T and HeLa cells), we observed sodium-sensitive inward currents similar to those in TMC-1 CHO-K1 cells ( Supplementary Fig. 12a, b) . This, together with the expression of an ectopic salt sensor in ASK For each data point 7 , n , 24 animals were tested. For all concentrations $100 mM, the response of srbc-64::tmc-1 was statistically different from wild type (P , 0.05).
LETTER RESEARCH (Fig. 3f, g ), suggests that additional cell-type-specific ionotropic effectors are not required to express TMC-1-dependent ion channels. Moreover, TMC-1-dependent currents were neither voltage-sensitive nor significantly blocked by micromolar amiloride, suggesting that a DEG/ENaC or voltage-gated sodium channel is not involved (Supplementary Fig. 12c-e) . These results are all consistent with TMC-1 encoding an ionotropic sensory receptor. Thus, TMC-1 is a putative ion channel required for salt sensation in C. elegans, and meets several critical criteria expected of an authentic salt sensor. First, heterologously expressed TMC-1 forms salt-activated channels that respond specifically to extracellular sodium. Thus, external salt alters the properties of TMC-1 in vitro in a manner consistent with the requirements for in vivo chemosensation. Second, the ASH neurons of tmc-1 mutants are strongly defective in responses to sodium, but respond normally to other stimuli including hyperosmolarity and chemical repellents. Thus, TMC-1 is specifically required in vivo for neuronal responses to salt. Finally, tmc-1 mutants show strong, modality-specific defects in chemosensory behaviour with a focus in the ASH neurons. Therefore, the neuronal responses that require tmc-1 are clearly linked to sensory behaviour. Taken together, these results argue strongly that TMC-1 is a salt sensor in C. elegans chemosensory neurons and may comprise a salt-activated channel.
Although much is known about the molecular mechanisms of sweet, sour, umami and bitter taste, the molecular basis of salt taste is poorly understood. In C. elegans, detection of salt concentration changes by neurons mediating chemosensory attraction requires a cGMP-gated channel 15, 19, 20 ; however, the receptors that might link this channel's activity to extracellular salt concentration are unknown. ASH responses to salt, as well as chemical, osmotic and mechanical stimuli, also require the TRPV channel OSM-9 (ref. 21 ), which may function as a nonspecific amplifier rather than a receptor 22 . In mammals and insects, low-concentration salt taste requires the sodium-selective ENaC channel 23, 24 , whereas mammalian high-concentration salt taste may involve TRPV1 (ref. 25) . However, on their own these channels, although sodium-permeable, are inhibited by external sodium 26, 27 . In contrast, the Hill coefficient of TMC-1-dependent channels indicates that they are not only sodium permeable but also sodium-activated 28 , properties optimally suited for a salt chemosensor.
TMC proteins have been previously implicated in processes of sensory transduction, in particular hearing, but their mechanistic role in these processes has been unclear 5, 6 . Our results indicate that C. elegans TMC-1 may comprise an ion channel gated by a sensory stimulus, raising the possibility that other TMC proteins may constitute channels as well. We speculate that TMC proteins, including but not limited to mammalian TMC1, may function generally as ionotropic sensory receptors, although potentially gated by stimuli other than sodium. Because mammals contain several TMC proteins of unknown function, it is possible that one or more of these may play a role in sensory transduction processes such as touch or salt taste. With the recent finding that mammalian TMC1 and TMC2 are required for cochlear hair-cell mechanotransduction 6 , these molecules must be considered strong candidates for the mammalian hair-cell mechanotransducer.
METHODS SUMMARY
Strains and culture. All strains were grown using standard protocols at 20 uC on nematode growth medium (NGM) plates with OP50 bacteria as a food source. The tmc-1 mutant strain was from the Caenorhabditis Genetics Center, and was backcrossed six times before use in experiments or crossing into other backgrounds. A complete list of strains is given in the Supplementary Information. Confocal microscopy and dye-filling of neurons. Confocal imaging was done using a Zeiss LSM510 Meta confocal microscope with a 360 objective. Strains expressing both tmc-1 and ASH-specific reporters were generated by standard genetic crosses. Fig. 9 ). e, Relative cation permeabilities of TMC-1 calculated from the reversal potentials of basal currents with CsCl in the internal solution and the indicated chloride salt in the external solution. Permeability ratios were 2.27 6 0. 
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Behavioural assays. For all the behavioural assays, we picked fourth larval stage animals and assayed them after 20 h growth at 20 uC. The repellent drop test was performed on unseeded NGM plates essentially as described previously 8 . We assayed attraction to sodium gluconate in gradient assays essentially as described previously 29 . Details are in the Methods and Supplementary Information. Calcium imaging of ASH and ASK neurons. Optical recordings were performed on a Zeiss Axioskop 2 upright compound microscope equipped with a Dual View beam splitter and a Uniblitz Shutter essentially as described previously 30 . tmc-1 mammalian transfection. Mammalian cells were seeded onto 12-mm glass coverslips and were transfected transiently with 800 ng of plasmids containing tmc-1 plasmid DNA plus GFP using TransIT-LT1 (Mirus Bio). Cells were recorded 12-36 h later. Because Chinese hamster ovary (CHO-K1) showed the best efficiency (76% population of GFP-positive CHO-K1 cells were responsive versus 42% for HEK293T and 50% for HeLa cells), most of the experiments were conducted with CHO-K1 cells, unless otherwise described. Electrophysiology. Whole-cell patch-clamp experiments were performed using a Multiclamp 700B amplifier (Molecular Devices). Details are provided in the Methods.
